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ABSTRACT

Exercise and reproductive health are well-publicized as influencing overall
bone health, but less publicized are the effects of genetics and metabolic health

on'bone integrity. The studies presented here evaluate the effects of exercise
and genetics on biomechanically important traits and the skeletal system’s role in

maintaining proper metabolic health. Deviating from traditional knock-out models,
I used mice that have been artificially selected for high-levels of voluntary wheel

running; these mice offer a natural model in which to study the effects of long
term exercise on skeletal and metabolic parameters. Cross-sectional analyses of

HR mice and control mice allowed or denied wheel access for 10 weeks,

revealed significant differences in biomechanical properties. HR mice
demonstrated the greatest resistances to torsion and bending, indicating that

selection has resulted in more robust bones. Among all whole bone and
geometric traits measured, only one trait was found to be significantly affected by
exercise, further validating the role of genetics in determining skeletal

performance. Comparison of MM (an inbred high-runner strain) mice with two
strains known to have high (C3H) and low (C57) bone mineral densities revealed
significant differences in metabolic markers. Both leptin and insulin
concentrations in C3H and C57 mice were consistent with what is known about

bone’s role in endocrine signaling. MM mice significantly differed from both C3H

and C57 mice in circulating leptin and glucose. These mice offer novel model in
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which to study the complex interactions between bone, energy metabolism, and

exercise.
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CHAPTER ONE

CROSS-SECTIONAL LIMB BONE GEOMETRY IN MICE BRED FOR HIGH
LEVELS OF VOLUNTARY WHEEL RUNNING

Introduction

Although artificial selection may have not always have been known by that

name, the process has been practiced for millennia, yielding larger and more
plentiful crops as well as livestock more suitable for varied environments (Vila et
al. 1997; Brotherstone and Goddard 2005; Burke et al. 2007; Casas et al. 2007;
Pickersgill 2007; Bell 2008). Today, selection experiments have made their way

into the laboratory and are an increasingly important way to study evolution

(Carter et al. 2000; Bennett et al. 2003; Garland 2003; Middleton et al. 2008a;
Garland and Rose 2009).
Traditionally, different species have been compared as originally

described by Darwin (1858), allowing only the endpoints of evolution to be
observed (Garland 2003). However, studying the end results of evolution does
not necessarily allow the process of selection to be understood. Selection

experiments allow one to study evolution in progress, under constrained and
repeatable conditions, and, importantly, to extrapolate future trends.

In this chapter I will introduce four regularly discussed forms of selection
and describe the importance of artificial selection experiments in evolutionary
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studies. I will then introduce the long term artificial selection experiment from

which my experiment was derived and finally discuss my thesis research.

Overview of Common Selection Experiments
Four types of selection are most commonly employed experimentally and

all exploit pre-existing genetic variation in an initial stock population: laboratory

culling, laboratory field introductions, laboratory natural selection, and artificial
selection. Below, I briefly introduce each form of selection as well as highlight a

key experiment demonstrating each.
Laboratory Culling. Laboratory culling is a form of selection in which a
population is exposed to a lethal environment for a period of time. After a

predetermined proportion of the population perishes, the remaining organisms
are returned to a moderate environment and allowed to breed, producing the

next generation. The organisms that survive are more resistant to the severe

environment and give researchers an opportunity to view complex adaptive
characteristics that may not have originally been expected at the onset of the

experiment (Garland, 2003).
Laboratory culling experiments are rarely carried out with vertebrates due

to ethical concerns but have been utilized successfully for several decades with

invertebrates. Drosophila are commonly employed in this type of selection. For
instance, Service et al. (1985) selected for both early and delayed reproduction in
Drosophila, maintaining replicate experimental and control lines. These lines

were then used in a series of experiments evaluating the resistance to
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desiccation, starvation, and ethanol vapors using laboratory culling as their form

of selection (Service et al. 1985; reviewed in Bennett 2003). The lines were
maintained for over one hundred generations only allowing the surviving twenty
percent to breed after exposure to the novel environment.

Rose et al. observed that the initial selection for life-history traits resulted

in selection for many correlated traits (e.g., Service et al. 1985; Chippindale et al.
1998; Bradley et al. 1999). Service et al. (1985) found that the flies with delayed

life-history traits exhibited greater resistance to desiccation when compared to
the control lines. Interestingly, in this initial study and those that followed, traits

that may have been expected to be altered as a response to selection in the
desiccation environment were not. For example, metabolic rate was

hypothesized to decrease and cuticular lipid mass was hypothesized to increase

(which would result in increased waterproofing; Bennett 2002). Yet, neither trait
in the experimental lines diverged from that of the control lines. In contrast, an

increase in hemolymph volume was observed along with compositional changes
in the cuticle lipid layer. Selected flies also demonstrated changes in behavior,
flew less, and generally exhibited less motion in hostile environments when

compared to the non-selected control lines in the same environment (Service et
al. 1985; Gibbs et al. 1997; Chippindale et al. 1998; Bradley et al. 1999; Folk et
al. 2001; Bennett 2002). The laboratory culling experiments carried out with
Rose’s initial stock of Drosophila have given biologists the opportunity to study

variables that may respond to selection for correlated traits, both expected and
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unexpected, and have allowed models to be developed regarding possible

mechanisms that lead to the changes observed in evolutionary time.
Laboratory Field Introductions. Laboratory field introductions involve
placing a designated number of organisms in a natural habitat that differs from

their place of origin. The challenges in discovering a natural area where such an
experiment would be possible are immense. One such experiment of

considerable notice is the experiment carried out with guppies (Poecilia

reticulata) in Trinidad by Reznick and colleagues.
Beginning in 1981, Reznick et al. took advantage of a natural system, the

El Cedro River in Trinidad, which includes a stream that was naturally separated
by a waterfall, creating an upstream, low predation area and a downstream, high

predation area. The upstream site consisted only of one potential guppy

predator, Rivulus harti, while the downstream site consisted of a known guppy
predator, the pike cichlid (Crenichla alta), as well as other related predators.
The two types of predators exhibit different feeding behaviors. Crenichla

prefers larger more mature guppies, while Rivulus prefers smaller immature

guppies (Reznick and Bryga 1987). Field observations demonstrated that
guppies living within the high predation zone had earlier maturation rates and
increased reproductive effort (including an increase in offspring number as well
as a decrease in offspring size) when compared to the guppies of the low

predation zone. The differences between the two populations were confirmed
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genetically and were hypothesized to result from predation (Reznick and Endler

1982).

Given what was known about differing life-history characteristics of the
populations, Reznick et al. decided to carry out a field introduction experiment

utilizing the natural barriers that the waterfall created. The long term selection
experiment was accomplished by transferring guppies from the high predation

site downstream to the low predation site upstream. A control group was also
maintained in the high predation site for comparison (Reznick and Bryga 1987). If
predators were truly responsible for the differences in observed life history, as

the genetic data suggested, then it was argued that the introduced group should
evolve predictable life-histories, such as delayed maturation and a decrease in

reproductive effort when compared to their high predation site counter parts

(Reznick and Travis 1996). After just three years of selection, an increase in
body weight was observed, as well as an increase in offspring size that

correlated with a decrease in number of offspring (Reznick and Bryga 1987).
Reznick (1996) cautioned that experiments of this type do not offer causal

relations. Many confounding variables are present, such as population density
and the possibility of predator eating its prey in a given location (Reznick and
Joseph, 1996). Subsequently, Reznick et al. (1997) transplanted the guppies to a

laboratory setting and demonstrated that the phenotypic plasticity was at least in
part due to demography of the guppy population, most notably the social

environment. Further evidence that the predator was not the only variable
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contributing to adaptation of the life-histories came from the observation that the
magnitude of differences observed between the populations of guppies was

significantly reduced in the laboratory setting compared to the field, making the

environment a key component in determining the fate of life-histories (Reznick et
al. 1997).
Laboratory Natural Selection. In laboratory natural selection the

experimenter does not directly choose the most desirable organisms for
breeding, but instead rears a group of organisms in a novel environment These
environments may include increased salinity, differing temperatures, or even

unique animal husbandry conditions (Garland 2003). Unlike laboratory culling

selection experiments the environmental conditions are not lethal, and the
organisms can be breed in such conditions for several generations. Given

sufficient genetic variation in the founding population, the only driving selective
force will be intraspecific competition ultimately resulting in adaptations to the

novel environment (Garland 2003; Bennett 2003). Temperature is the most
widely altered environmental condition in this form of selection and is most often

preformed with invertebrates. Such is the case with Bennett and colleagues'

experiment utilizing the bacterium Escherichia coli.
In 1992, Bennett et al. began studying the effects of altered temperature
on the bacteria, beginning with an initial stock population raised in a 37°C

environment. This ancestral population was bred for 2,000 generations.
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From the ancestral population 6 replicate lines were created for each of the four
different temperature conditions. The four differing conditions were as follows:

32°C, 37°C, 42°C, and one group that spent equal time between both 32°C and
42°C environments. The populations within each group were bred for 2,000

generations with serial dilutions carried out on a daily basis to keep population

sizes equal. The 32°C group remained the ancestral group while the other three

experienced a novel environment. Bacteria from each of the novel environments

were plated alongside ancestral bacterium and allowed to compete in each
altered temperature regime. Bennett et al. exploited an Arabinose (Ara) marker to
distinguish between the two different bacterium based on color differences

(Bennett and Lenski 1999; Bennett 2003). The Ara marker allowed the team to

measure fitness directly as a ratio of doublings achieved by the two competitors.
Bennett et al. observed an increase in relative fitness in all three groups
when compared to the ancestral group (Bennett et al. 1992: Bennett and Lenski

1993, 1996, 1999). A considerable amount of variance was observed in the rates

of fitness increase between the groups. The 42°C group demonstrated the
greatest overall improvement in rate of fitness improvement. Bennett et al.

suggested that perhaps bacteria evolve at a more rapid pace in warmer climates
compared to colder climates (reviewed in Bennett 2003). They also hypothesized
that certain mutations may increase in frequency at increased temperatures. This

idea led to the discovery of possible candidate genes for bacterial survival and
adaptation in elevated temperature conditions (Bennett 2003). Laboratory natural
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selection has allowed the observation of a direct response to an altered

environmental condition, one that is reproducible and will offer valuable insight as

to how organism may adapt and evolve in varying temperature settings, which is
crucial when considering metabolic processes.

Artificial Selection. Artificial selection is one of the most common forms of
selection, although it may not be recognized as such. Artificial selection involves
objectively choosing an organism with the most desirable trait and allowing only

the desirable individuals to breed. This process ensures that only those with the
trait of interest are maintained within the population. One of the most well known

and longest running artificial selection "experiments" is the selection of modern
dogs. Dogs have been bred for seemingly every trait imaginable, from long noses

to coat type and temperament, resulting in more than four-hundred recognized
breeds (Akey et al. 2010).
However, artificial selection is not limited to breeding desired livestock and

plants or only for domestication. Artificial selection can be used in a variety of
biological and biochemical studies ranging from the study of adaptive
morphologies to more complex analyses of energy metabolism. Example traits
that have been artificially selected for include body mass in differing

environments (Hillesheim and Stearns 1991), thorax length and correlated
responses in Drosophila melanogaster (Partridge and Fowler 1993), and high

and low endurance running in rats (Noland et al. 2007; Lessard et al. 2009). Not
only can artificial selection be employed to study a vast array of specified
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characteristics, it also has an advantage over other forms of selection: one can
both design and execute an experiment of this type with both vertebrates and

invertebrates (Garland 2003; Bennett 2003).

In an example of artificial selection, Emlen (1996) studied the evolution of
horn-length and body size in the dung beetle, Onthophagus acuminatus. As with

many other organisms, Onthophagus exhibits secondary sexual characteristics,
notably horns located at the front of the head. This trait is not specific to this
species of dung beetle alone. Most beetles exhibit this secondary sexual trait
with horn sizes covarying with body size. A continuous range of horn sizes is

present in most populations of beetles (Emlen 1996) but not in O. acuminatus.

This species exhibits'a bimodal distribution of horn length, with larger beetles
having the longest horns and smaller beetles having short or no horns.
Observing natural populations of O. acuminatus in the lowland tropical

forests of Panama, Emlen determined that horn length varies sigmoidally with

body size. This pattern of co-variation forms two distinct groups within the wild
population: "horned" and "hornless." Emlen (1994) sought to find a genetic

explanation for the observed differences in horn length, but, given that male
offspring’s horn length did not reflect their father’s, no genetic explanation could

be found. However, Emlen (1984) found that horn length responds to differing

nutritional environments during early larval development
Previously, Lee et al. (1981) demonstrated the influence of nutrition on

adult body size in scarab beetles (Onthophagus gazeiia). Given that horn length
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was known to scale with body size, Emlen (1996) suggested that the differences

observed in horn length may be a result of complex developmental relationships
between the two traits. A “horn gene” per se may not exist but a set of genes that
influence the allometric scaling pattern observed between horn length and body
size might To test the hypothesis that horn length-body size allometry is

heritable, Emlen (1996) set up an artificial selection experiment in which horn
length was directly selected with respect to body size.

To carry out this bi-directional selection experiment, it was first necessary
to establish average horn lengths for a given size in a wild population of O.
acuminatus. Horn lengths of captive individuals were measured and subtracted
from the average known for an individual of the same size in the wild population,

the difference was defined as “residual horn length.” Only those with the highest
and lowest residuals were permitted to breed.

Six genetically separate lines were maintained (two increased horn length,
two decreased horn length, and two control), with five males from each line
mating with two randomly chosen females (females were chosen at random

given that they do not display secondary sexual characteristics). By the fifth
generation the small population sizes put each group at risk of inbreeding effects.

To rectify this problem the replicate lines were combined, improving sample
sizes, but eliminating the benefit of important replicate lines (Emlen 1996).
Emlen’s artificial selection experiment allowed him to effectively alter the

allometry between horn length and body size. Males from the increased horn
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length lines differed significantly from males in the downward selected lines,

suggesting a heritable component to the observed allometry. Horn length in turn
may evolve as result of changes in this allometry. Emlen’s experiment not only
demonstrates the usefulness of artificial selection experiments in determining

links between complex traits and the genetic basis for such traits, but also offers

a cautionary tale in planning selection experiments.
Artificial Selection for Increased Activity in House Mice. In the early

1990's, Garland et al. began an artificial selection experiment to investigate the

genetics and evolution behind locomotor behavior and correlated suborganismal
physiological traits in house mice bred (described in Swallow et al. 1998b).

Garland et al. chose to select for increased wheel running as opposed to several

other forms of exercise for several key reasons. First, mice will engage in wheel
running voluntarily and this activity has been shown to be physiologically taxing;

for example, they will exercise willingly to the point of exhaustion (Swallow et al.

1998b; Garland 2003). Second, individuals exhibit variation in this locomotor
activity, which has been shown to be heritable (Swallow et al. 1998b; Dohm et al.

1994). Dohm et al. (1994) demonstrated a net dominance for selection on

increased levels of activity. As Swallow et al. (1998b) suggest, this finding may
indicate past levels of selection in which increased running was in some way
advantageous.

Finally, because extreme exercise in the form of wheel running is
physiologically taxing, this behavior has been shown to bring about novel

11

adaptations. For example, Rodnick et al. (1989) used biochemical markers
studying both oxidative and glycolytic activity to determine underlying

physiological responses to increased wheel running in Sprague-Dawley rats,
observing an increase in aerobic muscle enzyme activity. Similarly, Lambert and

Noakes (1990) observed an increase in maximum aerobic capacity, which is
required to sustain increased levels of taxing activity. Mice were chosen as the

model organism because of their fairly low cost of maintenance, rapid generation
time, well-characterized genome, and their comparable anatomy and physiology

to the human form.

Model Organism and Breeding Protocol
The complete description of the mouse selection experiment is provided in

Swallow et al. (1998b) and only a brief outline is given here. The founding
population was an outbred strain of Hsd:lCR house mice (Mus domesticus;

Harlan Sprague Dawley). The ICR (Institute of Cancer Research) strain of mouse

has never been intentionally inbred and exhibits genetic heterogeneity similar to
that of humans, making it an appropriate mouse strain for this type of study.
At the beginning of the experiment, ten male/female pairs were randomly

assigned to one of eight lines: four randomly bred control (C) and four high-

runner (HR) selected lines. Between 600 and 800 mice are tested each
generation. Testing includes a six-day period of wheel access during which time

mice are free to run voluntarily or not. A computer records wheel revolutions in
one-minute intervals. The average number of wheel revolutions on days five and

12

six is the sole selection criteria. Only the males and females with the highest

running scores from each line were allowed to breed. To maintain genetic
variability and reduce maternal effects, no brother-sister mating is permitted. Ten

families are maintained within each line, with the other families being produced
by the second, third and so fourth, highest scoring male and female.
After ten generations of selection selected high-runner lines of mice were

running on average 75% more than control lines. A realized heritability of wheel
running ranging from 0.12 to 0.24 was estimated for the trait based on both

parent-offspring and mid pa rent-offspring regressions, suggesting that mice could

further evolve increased levels of activity. Differences were observed among

replicate lines indicating founder effects or even differing genetic responses to
selection (Swallow et al. 1998b; Garland 2003). The total number of revolutions
completed by a mouse is the simple product of running speed and time, and
therefore, one might expect selection to alter these traits simultaneously.

However, Swallow et al. (1998b) and Koteja et al. (1999) show that simultaneous
change does not seem to be occurring; mice show a significant increase in

velocity without significantly more time spent running.
Correlated Traits. Artificial selection allows one to study not only possible

genotype by environment interactions, but also correlated evolution of traits of
interest, ranging from behavior to physiology (Carter et al. 2000; Garland 2003;

Bennett 2002; Middleton 2008b). At the behavioral level, mice selected for high

levels of voluntary wheel running (HR) have been observed to build smaller
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thermoregulatory nests (Carter et al. 2000; also see Bult 1992, 1993). This, trait

may have profound effects on young survival and as such may represent a trade

off between increased exercise and reproductive success. In addition, female

high-runner mice exhibit signs of hyperactivity (Rhodes et al. 2001), a behavior
that has been linked to a dysfunction in the dopaminergic neuromodulatory

system (reviewed in Garland 2003). Dysfunction of this system has been

observed in adult humans exhibiting signs of ADHD and is thought to play a key
role in motivation (Carey et al. 1998; Sagvolden and Sergeant 1998; Grace 2001;

Berridge and Robinson 1998). This is one explanation offered for the observed
evolution of increased wheel running.

Correlated responses to exercise like those mentioned above may not

have seemed apparent at the time of study, but traits exist that may change in

response to exercise. One such example is the observed *10% decrease in body
mass in HR lines (Swallow et al. 2001; Koteja et al. 1999). Increased aerobic
(Swallow et al. 1998a) and realized muscle aerobic capacity (Houle-Leroy et al.

2000) has also been observed in selected lines. The higher the aerobic capacity
(VO2max), the more oxygen has successfully been supplied to the appropriate

tissue, allowing the tissues to maintain their activities during strenuous exercise.

Not only did selected and control lines differ in aerobic capacity indicating a
genetic effect, but they were also observed to have further increases in aerobic

capacities when granted wheel access (Swallow et al. 1998a). The increase in
aerobic capacity after wheel access may indicate a greater training response in
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selected lines and has important implications when promoting and discussing
both health and exercise related topics (Garland and Kelly 2006).
All of the studies presented thus far have dealt with differences and
possible correlated traits between control and HR lines, but differences among

HR lines also exist and offer further insight into the evolution of locomotion. One
exciting difference and one that has received much attention is the altered hind

limb morphology observed in two of the selected lines.
"Mini-Muscle" Phenotype. The mini-muscle phenotype is characterized by
an approximate 50% reduction in the mass of the triceps surae complex, which

includes the gastrocnemius, soleus, and plantaris muscles (Figure 1; Garland et

al. 2002). This phenotype results from a Mendelian recessive allele that was
present in the initial stock population with a frequency of *7% (Houle-Leroy et al.
2003; Hannon et al. 2008). Selection has favored this trait, bringing it to fixation

in one HR line and maintaining its polymorphic frequency at *10% in another HR

line. The one control line initially exhibiting the mini-muscle phenotype has since
lost the allele due to drift.
The mini-muscle gene has been described as a “gene of major effect”

having many pleiotropic effects (Garland et al. 2002), and several studies have

sought to elucidate possible differences in physiology between mini-muscle (MM)

and normal-muscled but also high-runner individuals. Observed differences in

physiology have included enlarged heart, kidney, and liver (Garland et al. 2002;
Hannon et al. 2008), increased capacity for oxidative ATP generation (Houle-
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Leroy et al. 2003; reviewed in Syme et al. 2005), and loss of type lib muscle
fibers, which are primarily used in anaerobic oxidation (Syme et al. 2005;
Guderley et al. 2006, 2008). Taken together, these results suggest that selection

is favoring an increase in aerobic function. Mini-muscle individuals represent one
of many possible evolutionary solutions to an increase in activity.

Figure 1. Mini-Muscle Photograph. Comparison of a
mini-muscle triceps-surae (left) and a normal tricepssurae muscle (Gift from Dr. Kevin Middleton;
Middleton KM, Kelly SA, Garland T Jr. 2008a.
Selective breeding as a tool to probe skeletal
response to high voluntary locomotor activity in mice.
Integr Comp Bio 48:394-410.
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Mini-muscle individuals may represent a novel model for evaluating

skeletal development given decreased muscle force loads during ontogeny.
Although such studies have not yet been performed several studies have sought

to determine skeletal morpho-physiological differences between control and
selected line. I will briefly describe each of these experiments below.

Skeletal Evolution and Plasticity in Response to Exercise. Not only have
behavioral and physiological traits been found to correlate with increased
locomotion, but changes in skeletal morphology have also been observed.

Contrary to their predictions Garland and Freeman (2005) did not observe signs

of cursorial adaptations in HR selected mice. Cursorial adaptations are

traditionally defined as those associated with increased running such a. longer

metatarsal to femur ratio and decreased hind limb asymmetry. Although
decreases in directional and fluctuating asymmetry were observed, results

changed depending on the value index and covariates assigned and therefore,
were not given much merit. Garland and Freeman (2005) suggest that the lack of

cursorial based adaptations may result from selection for increased speed rather
than distance or that such adaptations are restricted to large mammals.

Cursorial adaptation hypotheses and a majority of skeletal studies are
based on bone’s overall response to exercise, but effects of loading on skeletal
adaptations may be overestimated (usually <5%; Kelly et al. 2006). Many factors

contribute to bone’s geometric and material properties, with genetics and
exercise being the most recognized factors (Middleton 2008a, b). In humans,
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approximately 50% to 80% of variation in adult bone mineral density (BMD) is

attributed to genetic factors. Most of the balance of BMD is in turn determined by
exercise parameters such as amount and frequency (Eisman 1999; Ferrari et al.

1999). Genetic and environmental effects constitute extremely complex
interactions, and one is hard pressed to discuss one without discussing the other
(Figure 2; Middleton et al. 2008a). Loading may elicit a skeletal response, yet the
skeletal response is genetically determined and separating the effects of the two

Genetics

Selection

------ --- >

r-

Exercise

Bone Structure

I

Bone Performance
Figure 2. Bone Performance. Bone’s ability to
withstand loads is primarily determined by its
structure. Bone structure is a result of both
genetics and exercise. These two influences
are not easily discernible with genetics
influencing bone structure as well as the
willingness or desire to exercise (dashed line;
KM, Kelly SA, Garland T Jr. 2008a. Selective
breeding as a tool to probe skeletal response
to high voluntary locomotor activity in mice).
Integr Comp Bio 48:394-410).
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is often impossible in a laboratory setting (Robling and Turner, 2002; Koller et al.
2003; Robling et al. 2003; also reviewed in Middleton et al. 2008a, b). Despite

what is known about genetic and exercise effects on bone’s adaptive response,

the two are rarely studied together (Middleton et al. 2008a, b). The artificial
selection experiment presented here offers a way to study effects of genetics

(selection) and exercise (wheel access) on bone response as well as their
interaction (genotype by environment interaction).

Studies completed thus far analyzing whole bone morphology have
indicated significant differences between control and selected lines. Analyzing

male mice 9-10 weeks of age that were granted or denied wheel access for ten
weeks, Kelly et al. (2006) reported significant differences in bone diameters.

Mediolateral diameter was found to be significantly different between selected
and control lines as well for wheel access, indicating both a genetic and exercise
effect (results are summarized in Table 1), while anteroposterior diameter was
only observed to differ based on activity. In both cases, selected mice exhibited

increased bone diameters with no significant increase in bone mass. It is

important to note that 9 out of the 80 individuals studied expressed the mini
muscle phenotype (MM) and did not follow trends of non-MM individuals from the
high-runner group, in that MM mice had both longer and thinner hind limb bones.

This finding stresses the importance of within-line comparisons and furthers
prove for differing bone ontogeny of mini-muscle individuals.
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Table 1. Results (p-values) Reported by Kelly et al. (2006) and Middleton et al.
(2008b)_________________________________________________________
Trait

N

K
Femur Length
78
ML Diameter
80
80
AP Diameter
79
Distal Width
78
Head depth
K and M represent Kelly
indicates either selected
counterparts.

Linetype

Activity

Activity x
Linetype

K
M
M
K
K
M
M
47
0.489+
0.173+
0.763+
0.7971.000
0.384
0.020+
47
0.9540.01670.174+
0.942
0.317
47
0.169+
0.2200.413+
0.008+
0.294
0.852
0.207+
0.059+
0.770
47
0.035+
0.6110.267
0.012+
0.035+
0.279
47
0.034+
0.286+
0.696
and Middleton respectively. In columns linetype and activity a +
or wheel access mice were larger for a given trait than control

In a study similar, Middleton et al. (2008b) analyzed bone morphology in

120 female mice at 20 months of age that were allowed or denied wheel access
for 80 weeks. Results from this study were surprising, with only two out of
nineteen skeletal traits exhibiting significant linetype effects. Increases in distal

femur width and femoral head depth in selected mice agree with Kelly et al.’s

(2006) findings; general trends such as non-significant increases in selected line
femur lengths also agreed with previous studies (see Table 1 for a summary of
results). However, other results presented are not agreement with previous

studies, such as the observed genotype by environment interaction for cross-

sectional area (Garland and Freeman 2005; Kelly et. al. 2006). Data presented
by Middleton et al. (2008b) suggest that neither selection nor increased loading

(wheel access) resulted in observable modifications in bone at the macro-scale
level. This result is contradictory not only to previous selection-based skeletal
studies, but also to human-based studies (Seeman et al. 1994; Cummings et al.
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1995; Arden et al. 1996), which have shown the significance of genetics in
determining bone structure and function (reviewed in Middleton 2008a, b). The

paradoxical results in this study might be due to the likely post-reproductive age
of the females used (20 months). The results were similar to those observed in
ovariectomized mice and post-menopausal women (Peng et al. 1994; Mosekilde

et al. 1998; Riggs et al. 1986; Garnero et al. 1996; Ahlborg et al. 2001,2003).
Wheel-running was observed to significantly decrease over the course of the

study, and the beneficial effects of loading are lost after loading stops or
significantly decreases, possibly reversing a skeletal responses (Snow et al.

2001; Jarvinen et al. 2003).

Results of Middleton et al. (2008b) are not directly comparable to the
study of Kelly et al. (2006) given differing ages and sexes of mice used. The
post-reproductive age of the Middleton et al. (2008b) mice bring about the issue

of hormonal loss and its known affect on bone degradation (Peng et al. 1994;
Mosekilde et al. 1998; Riggs et al. 1986; Garnero et al. 1996; Ahlborg et al. 2001,
2003), and therefore comparisons of these mice to the young male mice used by

both Kelly et al. (2006) and Garland and Freeman (2005) are not valid. In
addition, each study differed in protocol, with access to wheel running varying by
months between the three studies mentioned. To rectify the contradictory results
presented thus far and to further understand the genetic and plastic response of

bone to increased loading, whole bone morphology and cross-sectional geometry

of 118 male and female (housed under identical conditions) were analyzed.
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Materials and Methods

Male and female mice from three groups—Control (C, male n = 20; female
n - 19), High-Runner (HR, male n = 19, female n - 20), and High-Runner/Mini-

Muscle (MM, male n = 20, female n = 20)—were permitted or denied access to a
running wheel (10 per treatment) beginning at 5 weeks of age (for a discussion of

the model system refer to the section on artificial selection for increased activity

in house mice above and Swallow et al. 1998b). Mice were sacrificed after

approximately 10 weeks and frozen until dissection. Femora were dissected free
of soft-tissue and serially dehydrated in ethyl alcohol (50%, 75%, 100%; 1 hour
each). Whole bone measurements including: length, proximal and distal widths,

anterioposterior and mediolateral diameters of the mid-femoral diaphysis, as well
as femoral head height and depth were taken using digital calipers (0.01 mm

accuracy; Figure 3).

Femora were embedded in foil boats containing low-temperature, lowviscosity epoxy (EpoThin; Beuhler, Inc.), and the epoxy allowed to cure for 24

hours. A thin section (*0.5 mm) was cut from the femoral mid-diaphysis using a
low speed saw (Isomet; Buehler, Inc.), polished, and mounted to a glass slide.

Cross-sections were ground to approximately 100 pm using 600-1200 grit
polishing paper.
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A

Length

Figure 3. Femur with Representative
Whole Bone Measurements. A-P
diameter and head depth were
measured orthoganol to mediolateral
diameter and head height respectively
and therefore are not shown here.

Images were taken under light microscopy (50x magnification; Figure 4)

and analyzed using NIH ImageJ (http://rsbweb.nih.gov/ij/). Cross-sectional

measurements taken using built-in ImageJ tools included: external mediolateral
diameter (ML), external dorsoventral (DV) diameter, medial, lateral, dorsal, and

ventral cortical thickness, DV and ML medullary diameter. Cross-sectional area
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(CA), /max and /min (maximum and minimum moments of inertia), were determined
with MomentMacro (http://www.hopkinsmedicine.org/fae/mmacro.htm). Using

these data, I calculated log-transformed standardized polar moment of inertia

G4std = [/max *** /min]/Femur length), and index of ellipticity (/max / /min ). Jstd is an

estimate of the bone's resistance to torsion, and ellipticity is an estimate of
maximum resistance to bending (Simons et al. 2011).

mm

0

1.5

1

2

Figure 4. Cross-Section of a Mid-Femoral Diaphysis Under Light
Microscopy. Image was taken at40x magnification.
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All data were analysis using R (R Development Core Team, 2012). Data
were analyzed using two-way ANOVA and ANCOVA with line, exercise

treatment, and their interaction as main effects. Femur length was used as a

covariate where appropriate to account for differences in overall body size. Posthoc tests (Tukey’s Honestly Significant Differences) were carried out to
determine pairwise differences between lines. Because these data constitute a
single related set of analyses, using a nominal a-level of 0.05 would result in

increased Type I errors (Rice, 1989; Curran-Everett 2000). Therefore, I carried

out a positive false discovery rate analysis (pFDR; Storey 2002, 2003), which
seeks to find a balance between false positives (type I errors) and true positives
(correct rejections of the null hypothesis). Using a pFDR level of 5% assumes
that each rejected null hypothesis has a 5% probability of being incorrect. This
process controls the familywise error rate, the probability of rejecting at least one

correct null hypothesis, at 5% and gives an adjusted a-level. Using the qvalue

package for R (http://bioconductor.org/packages/release/bioc/html/qvalue.html), I
analyzed 251 p-values from this experiment and found an adjusted a-level of

0.023. Un corrected p-values are reported, but are compared to the adjusted a-

level.
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Results

Morphometerics

Data for male and female mice were analyzed separately due to the wellestablished significant difference in body mass (p < 0.001) and previously
reported sex-specific differences in wheel running behavior (Garland 2003;
Garland et al. 2011). To account for mass specific variation of traits measured,
femur length was included as a covariate where appropriate for both sexes.

Uncorrected p-values are reported here, but are only considered significant if

they are lower than the adjusted a-value of 0.023.
Results of two-way ANOVAs (femur length was not used a covariate: body

mass, femur length, JsW) and ANCOVAs (with femur length as the covariate)
indicate significant line effects (C vs. HR vs. MM) on several measured traits in

both male and female mice (Tables 2 and 3). High-runner mice show a trend

toward longer (femur length; p = 0.0482 in males; p = 0.7154 in females) more
stout bones, as measured by anteroposterior (p = <0.001 for males and females)

and mediolateral diameters (p = 0.0003 for males and females; Tables 4 and 5).

Male and female data generally follow a similar trend in regards to linetype
and exercise effects (tables 2 and 3). However, a significant exercise effect was

detected for anteroposterior diameters in males (p = 0.0038; table 2) that was not
observed in females. This was the only observed exercise effect for all traits

measured.
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Table 2. Results (p-values) of Two-Way ANOVAs and ANCOVAs with
Femur Length as a Covariate for Male Mice
Trait

N

Line

Activity

Body mass
Femur length
Proximal width
Distal width
AP-diameter
ML-diameter
Head height
Head depth
External ML-diameter
External DV-diameter
Cross-sectional area
Medial cortical width
Lateral cortical width
Dorsal cortical width
Ventral cortical width
DV-medullary diameter
ML-medullary diameter

58
58
58
58
58
68
58
58
58
58
58
58
58
58
58
58
58
58
58
58
58

0.1161
0.0482
0.0359
0.0704
<0.001
0.0003
0,9267 0.0881
0.5074
<0.001
0.4104
0.0199
0.2782
0.0163
0.0009
<0.001
0.1562
0.3235
0.0008
0.0076
0.0147

0.2766
0.1543
0.2278
0.0389
0.0038
0,8948
0.2264
0.6363
0.6107
0.2885
0.4229
0.5593
0.2579
0.5701
0.0609
0.0480
0.8913
0,5341
0.9064
0.2653
0.3811

Imax
Imln

Ellipticity

Linex
Activity
0.1788
0.7062
0.9966
0.3979
0.1387
0.2434
0.8519
0.8952
0.8985
0.4409
0.4888
0.2689
0.7842
0.8274
0.1828
0.1397
0.7494
0.8112
0.5111
0.9530
0.5508

Femur
Length

0.0511
0.8156
0.0001
0.0019
0.7476
0.0448
0.0071
0.0075
0.0005
0.3589
0.5757
0.9248
0.0968
0.0976
0.0277
0.0037
0.0007
0.2532

Cross-Sectional Geometry and Biomechanics

No differences is cross-sectional area were detected for males. Significant
differences were observed in females with mini-muscle individuals having the
least amount of cross-sectional area (p = 0.0199; Table 3 and 5; Figure 5). High-

runners display the thinnest cortical widths in cross-section and as a result the
largest dorsoventral and mediolateral medullary diameters (Tables 4 and 5).

High-runner individuals also display trend of larger values of Imax and
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Table 3. Results (p-values) of Two-Way ANOVAs and ANCOVAs with
Femur Length as a Covariate for Female Mice
Trait
Line
Line x
N
Activity
Femur
Femur length
Proximal width
Distal width
AP-d la meter
ML-diameter
Head height
Head depth
Ext. ML-diameter
Ext DV-diameter
Cross-sectional area
Medial cortical width
Lateral cortical width
Dorsal cortical width
Ventral cortical width
DV-medullary diameter
ML-medullary diameter

59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59
59

Imax
Imin

Ellipticity
istd

0.7154
0.1062
0.9010
<0.001
0.0003
0.3020
0.1570
0.0875
0.0017
0.0199
0.0828
0.0456
0.0080
0.2053
0.0002
0.0265
0.0393
0.0029
0.4033
0.0157

0.7052
0.5803
0.2915
0.7193
0.3040
0.7626
0.7986
0.6964
0.6932
0.8100
0.2433
0.7997
0.6961
0.6107
0.9245
0.9780
0.8174
0.9959
0.6272
0.8353

Activity
0.9436
0.3082
0.0487
0.1582
0.0737
0.2702
0.4962
0.7521
0.6989
0.3608
0.8128
0.2518
0.3766
0.3180
0.6453
0.8632
0.6791
0.5773
0.8874
0.6000

Length

0.0006
0.4792
0.0003
<0.001
0.5340
0.1110
0.0602
0.0846
0.0031
0.2776
0.9173
0.0893
0.0222
0.6998
0.1412
0.0222
0.0230
0.4278

Table 4. Results (p-values) for Post-hoc Tukey’s Honestly Significant
Difference Test for Male Mice
Trait

N

MM vs. C

HR vs. C

HR vs. MM

Proximal width
AP-diameter
ML-diameter
Ext. DV-diameter
Medial cortical width
Dorsal cortical width
Ventral cortical width
DV-medullary diamete

58
58
58
58
58
58
58
58
58
58
58

0.0440<0.0010.3153+
0.00810.70890.92890.30080.14640.15270.0133+
0.9530-

0.94180.4783+
0.0008+
0.0237+
0.02950.01440.0023<0.001 +
0.0066+
0.9272+
0.0389+

0.0986+
<0.001 +
<0.001 +
<0.001 +
0.16390.03620.1046<0.001 +
<0.001 +
0.03760.0188+

Imin

Ellipticity
Atd

Femur
length
0.0511
0.0001
0.0019
0.0075
0.3589
0.9248
0.0968
0.0976
0.0008
0.2532

+ and - indicate the direction of mean difference (e.g., MM relative to C).
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Table 5. Results (p-values) for Post-hoc Tukey’s Honestly Significant
Difference Test for Female Mice
Trait

N

MM vs. C

HR vs. C

HR vs. MM

AP-diameter
ML-diameter
Ext. DV-diameter
Cross-sectional area
Dorsal cortical width
DV-medullary diameter
ML-medullary diameter

59
59
59
59
59
59
59
59
59

<0.0010.57910.01250.01460.63250.09240.8538+
0.01960.1457-

0.6837+
0.0097+
0.2290+
0.86210.00050.0019+
0.0019+
0.3977+
0.3392+

<0.001 +
0.0006+
<0.001 +
0.0558+
0.0100<0.001 +
0.0103+
0.0005+
0.0054+

Imin
J$td

Femur
length
0.0003
<0.001
0.0846
0.0031
0.0893
0.6998
0.1412
0.0230

+ and - indicate the direction of mean difference (e.g., MM relative to C).

significantly larger values of /m/n (; p = 0.0008 for males; p = 0.0029 for females),

resulting in significant increases in resistance to torsion (Jstd, P = 0.0147 in males;
p = 0.0157 in females; tables 4 and 5; Figure 6). Mini-muscle individuals had

significantly smaller dorsoventral medullary cavities and as a result displayed the
highest indexes of ellipticity (only significant in males, p = 0.0076; Table 4; Figure

7).
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Cross Sectional Area (mm )
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♦

15.0

15.5

16.0

16.5

17.0

Femur Length (mm)
Figure 5. ANCOVA Plot for Cross-sectional Area.
Results of ANCOVAs for cross-sectional area with
femur length as a covariate.
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-#-C
MM

HR

15.0

15.5

16.0

16.5

17.0

Femur Length (mm)
Figure 6. ANCOVA Plot for Jstd. Results of ANCOVAs
for Jstd with femur length as a covariate.
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Index of Ellipticity

15.0

15.5

16.0

16.5

17.0

Femur Length (mm)
Figure 7. ANCOVA Plot for Index of Ellipticity. Results of
ANCOVAs for index of ellipticity with femur length as a
covariate.
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Discussion

Studying the effects of mechanical stimuli on ultimate bone performance is
essential in our understanding of skeletal development and repair. Many animal

and human based studies have sought to evaluate the effects of increased loads
on tissue quality, bone structure, and skeletal function (Wallace et al. 2007).

However, focusing purely on mechanical influences of bone structure may not
yield entirely accurate results and further may fail to produce applicable

treatments for human skeletal diseases. Skeletal structure and ultimate function
are not simply a result of environmental stimuli, but rather a complex interaction

of genetic influences, environmental stimuli, and interactions there of (genotypeby-environment interaction). To further complicate the matter is has recently
been proposed the propensity or desire to exercise may be under the influence of

genetic factors as well (Middleton et al. 2008a).

Traditionally studies evaluating bone performance have either focused on
genetic influences (comparisons of inbred strains; Turner et al. 2000; Amblard et
al. 2003; Schneider et al. 2007) or on the influence of exercise effects (forced or
voluntary; Iwamoto et al. 1999; Umemura et al. 2002; Mori et al. 2003; Plochocki

et al. 2007). In this study I used the novel method of artificial selection to
simultaneously study the genetic underpinnings and plasticity of bone in

response to increased levels of activity.
Much attention has been given to Garland’s artificially selected mice, with

studies evaluating whole bone morphology of control and selected lines (Garland
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and Freeman 2005; Kelly et al. 2006; Middleton et al. 2008a). These studies
5

have identified significant differences in whole bone morphometries without

significant differences in material properties; however, comparison of data is
difficult given disparities in methods. In the study presented here 1 aimed to
rectify the conflicting data presented previously by analyzing whole bone

morphometries of male and female mice from three distinct lines, high-runner,
mini-muscle, and control, housed under identical conditions. In addition, I present

cross-sectional geometry and biomechanical analyses of these mice, a study that

to the best of our knowledge has not been presented thus far, and may more
accurately reflect the novel loading environments experienced by individuals.

Whole Bone Morphology: the Genetic Response
The importance of genetics in determining skeletal response to increased
activity were evident from the numerous selection (line) effects observed (Tables

2 and 3). Both male and female high-runner individuals exhibited a trend of
longer (femur length significant in males) and stouter femora; realized by

significant increases in anteroposterior and mediolateral diameters. These results
are in agreement with data presented by Kelly et al. (2006). A trend of increased

anteroposterior diameters in selected individuals was also observed in Middleton

et al.’s (2008a) study with 20 month old female mice. Middleton et al. additionally

reported a trend of decreased mediolateral diameters in selected lines, not

observed here. The discrepancies are most likely the result of the increased age
of the mice used, as results closely resembled those from studies utilizing
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ovariectomized rodents and post-menopausal humans (Riggs et al. 1986; Peng

et al. 1994; Garnero et al. 1996; Mosekilde et al. 1998). This is further supported
by the fact that the results presented here are generally in agreement with that
presented by Kelly et al. (2006) in which mice were of a similar age.
Increases in midshaft diameters may reflect the evolution of a mechanism

to decrease joint stress (Garland and Freeman 2005). A trend toward increased
femoral-lengths has been hypothesized to result in differing postures, which may
further decrease joint stress. Evaluation of the kinematics of these mice is

needed and will offer additional insight into the skeletal evolution of increased
running.

Whole Bone Morphology: the Environmental Response
Skeletal response to an immediate increased loading environment (wheel

access over a 10 week period) yielded high-runner males with significantly
increased anteroposterior diameters (Table 4). Similar results were observed by

Kelly et al. (2006). Interestingly, no exercise effects were detected in any skeletal

trait measured for female mice. Middleton et al. (2008a) hypothesized that their
lack of exercised induced effects were most likely the result of the post-

reproductive age of female mice used, yet the same result was observed here
with significantly younger mice.

One possible explanation is that, by only studying three lines, I may have
missed important variation in bone’s response to exercise. Given that significant
interline variation has been reported (Garland et al. 2011), future studies
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involving all eight lines may be necessary. It is also possible that exercise

induced skeletal changes are sex specific. In humans, for example, female long

distance runners have an increased fracture risk when compared to their male
counterparts (Reinker et al. 1979; Jones et al. 1989). Experiments utilizing rodent

models have also observed similar results. Gordon et al. (1994) and Hoshi et al.
(1998) reported that bones of male mice exhibit greater sensitivity to swimming

exercise than bones of female mice. In a more recent study, Wallace et al. (2007)
exposed female and male mice (8 weeks of age) to 21 days of weight bearing

exercise (30 minutes of running). Their findings were very similar to those
previously presented, with male mice demonstrating the greatest increases in

cortical area and females exhibiting little to no skeletal responses. Furthermore, a
human based study by Weeks et al. (2008) exposing adolescent boys and girls to
8 months of jumping activity reported that the male skeletons were more

sensitive to exercise than those of the female skeleton. It is important to note that
in both studies bone specific responses were also noted for each exercise. As

Wallace et al. (2007) discuss the normal posture of a mouse while running puts
the hind legs more laterally and upon qualitative observation appears to put more

complex strains on the tibia. The femur is the typical bone of choice in studies
such as ours and those presented here, because the loads are generally

conserved across mammals, yet perhaps more widespread analysis of the
skeletal system is warranted when evaluating both sexes. Nonetheless, this
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study as well as those presented above suggest that skeletal response to
exercise may be sex specific and warrants further investigation.

Cross-sectional Geometry and Biomechanical Analyses
Cross-sectional analyses of the femoral midshaft revealed significantly
thinner cortical widths in high-runner individuals (both male and female)

compared to their control counterparts (Table 4 and 5). In addition, high-runner
individuals demonstrated the largest dorsoventral and med iolateral medullary
diameters (both being highly significant in female mice). Although these results

are not common among murine models (discussed below) similar results have

been observed in children. Pandey et al. (2009) studied the growth patterns of
the metacarpal diaphysis in male and female children from 3 months to 8 years

of age. The authors found that those with robust diaphyses had proportionally
thinner cortices and those with less robust diaphyses had proportionally thicker
cortices. Pandey et al. hypothesized that the observed decrease in cortical

thickness was most likely to decrease mass, and perhaps the same is true here,

given that even a slight increase in mass would result in significantly increased
and energetically expensive metabolic costs. Although the high-runner
individuals in this study did not respond to increases in exercise with increases in

bone content (as measured by cross-sectional area) several biomechanically
important properties were altered as a result of the differences in cross-sectional

geometry.
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High-runner selected mice exhibited significantly increased resistances to

torsion (Jstd), realized by the observed increases in medullary diameters,
ultimately resulting in a more circular shape (Figure 3). Additionally, mini-muscle

males were observed to have significantly (trend observed in females) increased
indices of ellipticity, a measure of resistance to bending. The variation observed

in biomechanical properties among lines may be a result of differing, kinematics
as well as differences in muscle forces (given the presence of the mini-muscle

mutation) and requires further investigation. Results offer insight into the
possibility of multiple evolutionary solutions to increased exercise without the

additional cost of building and maintaining additional bone. Future studies will

aim to evaluate possible differences in growth patterns and shed further light on

this hypothesis.
Traditionally skeletal responses to increased levels of activity have
included increases in cross-sectional areas (Notomi et al. 2001; Mori et al. 2003;

Wallace et al. 2007), and I hypothesized that results here would be similar. I did
not observe any significant increases in cross-sectional area, nor did I observe

increases in cortical widths. It is possible, as Kelly et al. (2006) suggested, that I

overestimated the effect of loading, and that it may in fact account for less than
5% of overall bone performance. If true, then genotype may have a far more
profound effect on overall bone performance then previously reported. This

hypothesis is supported by the fact that, in humans up to 70% of variation in
bone mineral density can be attributed to genetic factors (Kelly et al. 2006), and
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in mice it has been estimated to represent more than 53% (Beamer et al. 1996;
Kodama et al. 1999). Differences in genetic background may account at least in
part for differences observed in our own data and those previously presented.

In both Mori et al.’s (2003) and Wallace et al.’s (2007) experiments the
C57BI/6 strain was used. This strain was compared to 11 other commonly used
inbred strains by Beamer et al. (1996), where it was characterized as having the

lowest bone mineral density of all strains studied. Since this time inbred strains

have been observed to exhibit significant variation in skeletal sensitivity to
increased and decreased loading environments. Kodama et al. (1999, 2000)

demonstrated that skeleton’s of C57BI/6 mice were more sensitive to loading and

unloading than those of C3H mice (known to have bone mineral density; Beamer

et al, 1996). In 1999 the group induced a disuse environment via immobilization
by sciatic neurectomy. C57bl/6 mice exhibited a far greater response to disuse in
the tibia than C3H, demonstrating a significant increase in bone resorption and a

decrease in bone formation (also see Amblard et al. 2003). In the following year
Kodama et al. (2000) subjected C57BI/6 and CH3 individuals to jumping
exercises (20 jumps per day, 5 days a week for 4 weeks), and results suggested

that C57B1/6 skeletons were far more sensitive to their loading environments.
C57BI/6 demonstrated a significant increase in bone formation at the tibia

sampling site while no marked increase in bone parameters measured were

observed for C3H. Akhter et al. (1998) also reported similar findings in their study
evaluating skeletal response to four-poinTbending.
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Not only has skeletal sensitivity been observed to be affected by
genotype, but also it has also been proposed that cross-sectional geometry may

too be under the direct influence of genetics (Wergedal et al. 2005). In a study
evaluating the differences in bone mineral density and cross-sectional geometry
in 29 different inbred strains of mice, Wergedal et al. (2005) discovered that

significant differences existed in cross-sectional geometry among all strains.
Interestingly, these differences in cross-sectional geometry did not correlate with

bone mineral density, and it was suggested that skeletal geometry may be a

result of multiple gene interactions requiring further study. Although Wergedal et.
al.’s work does not pinpoint the genes responsible for the observed differences in
geometric skeletal properties, it stresses the importance of evaluating multiple

strains in the quest to determine the genes responsible for ultimate bone
strength. In addition, the study emphasizes the need for caution in comparing
works in which differing strains were used, as results may be specific to that

genotype and can not necessarily be expected from those with differing genetic
backgrounds. This observation is especially important when considering

approaches to treating skeletal disease; the human population exhibits a

tremendous amount of variation in regards to skeletal geometry and this variation

must be considered when prescribing exercise and other forms of therapy (White
et al. 2012).
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CHAPTER TWO

EXPLORATION OF BONE’S ROLE AS AN ENDOCRINE ORGAN THROUGH

ANALYSIS OF THREE INBRED STRAINS OF MICE

Introduction

For centuries, skeletal function has been thought to be restricted to
mineral acquisition and structural support, but recently it has come to light that

bone plays a more complex role in regulating homeostatic processes than

previously thought Over the last decade, bone’s role as an endocrine organ
and, as such, a regulator of energy metabolism and reproduction has been

demonstrated in several instances. In this chapter, I will discuss the events and
experiments that led researchers to this conclusion as well as introduce my

own work in the context and relevance of those presented in this chapter.
Why There had to be More to Bone’s Story
Bone (re)modeling is a dynamic process involving the sequential

degradation of old bone via osteoclasts (bone degrading cells) and the
formation of new bone by osteoblasts (bone building cells). This process occurs
continuously throughout the body. Due to both the cellular activity involved in

this process and the surface area over which occurs, it thought to be an
energetically costly process. Therefore, researchers at the start of the

millennium began to postulate that bone (re)modeling may in some way be
linked energy metabolism (reviewed in Karsenty and Ferron 2012).
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The first support for this radical new hypothesis, that bone may in some
way be linked to energy homeostasis, came from clinical observations.

Individuals with anorexia nervosa have been observed to have low bone mass,

and children with decreased food intake have been observed to have stunted or
halted growth (Legroux-Gerot et al. 2005; Misra and Klibanski 2011). Obesity,
on the'other hand, appears to protect individuals from osteoporosis, even in

cases where gonadal failure has occurred (Confavreux et al. 2009; Karsenty
2006; Karsenty and Ferron 2012; and references therein). Taken together,

these clinical observations suggested that there may be a link between body

mass, reproduction, and bone health. As exciting as these clinical observations

were, experimental data was lacking to provide a causative association and

physiological link between these seemingly disparate systems.

Leptin: the Common Link. The first experimental evidence for bone’s
relationship with energy metabolism and reproduction came from Ducy and
colleagues in the late 1990’s. Working with osteocalcin (a protein specific to
osteoblasts) deficient mice to determine the proteins' effect on mineral

deposition in bone cells, Ducy and colleagues noted that the mice suffered from
what appeared to be diabetes, urinating frequently and exhibiting morbid

obesity and infertility (Ducy et al. 1996; reviewed in Katnelson 2010). This
experimental observation along with the clinical observations suggested that
bone may be intimately linked to energy metabolism. However, at this time
osteocalcin had only been studied in relation to skeletal form and function.
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Leptin, on the other hand, had been well established to limit appetite and favor

energy expenditure and reproduction (Zhang et al. 1994; Halaas et al. 1995;
Chehab et al. 1996). Interestingly, and furthering the argument for its study in
relation to bone metabolism, leptin appears to have evolved not with a specific

metabolic function, but rather with the skeleton itself. Leptin has no known

ortholog in invertebrates. Leptin is therefore thought to be unique to and
conserved in vertebrates (Karsenty and Ferron 2012).
Due to leptin’s well established role in fertility and body mass

maintenance, several mouse models already existed for the hormone and were
easily accessible. Mouse models for the study of leptin include strains which
either lack the gene that encodes the hormone (oblob) or its receptor (db/db).

Mice lacking either the leptin receptor or its gene are known to be obese and
hypogonadal (reviewed in Confavreux et al. 2009). Ducy et al. (2000) explored
a possible skeletal-Ieptin link by studying vertebrae and femora of oblob mice.

Bone mass of oblob mice (lacking the leptin gene and therefore leptin) was
found to be significantly increased when compared to the bones of normal wild

type mice (Ducy et al. 2000). The observed increase in bone mass resulted
from increased bone formation that exceeded resorption activity (bone

degradation). These results were quite unexpected. Traditionally, hypogonadal
models (e.g., ovariectomy) demonstrate increases in bone resorption

parameters (an. increase in osteoclast activity). This pattern has not only held
true of animal models (Peng et al. 1994; Mosekilde et al. 1998); but also in
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clinical observations (Riggs et al. 1986; Garnero et al. 1996; Ahlborg et al.

2001, 2003).
The results of Ducy et al.'s (2000) experiment begged the question: were

the observed increases in bone mass a simple result of increased body mass
or had a novel role of leptin (regulating bone formation) been discovered. The
answer to this question came from “fat free” mice, mice that lack leptin and

therefore are lean. “Fat free” mice exhibited an identical skeletal phenotype to
oblob mice, an increase in bone mass, suggesting that the lack of leptin in
oblob mice rather than their obesity was the cause of their increased bone

formation (Ducy et al. 2000). Elefteriou et al. (2004) showed that the phenotype
observed in oblob mice could be rescued by a leptin transgene. The studies of
Ducy et al. (2000) and Elefteriou et al. (2004) established that leptin, an

adipocyte derived hormone, is a regulator of bone mass.
Leptin Signaling in the Brain. Leptin has been shown to regulate both
reproduction and appetite through a central relay (Ahima et al. 2000;

Spiegelman and Flier 2001; Ahima 2004). Therefore, Ducy et al. (2000)

hypothesized that leptin’s regulation of bone formation may also occur through
central relay. Support for this hypothesis came when Ducy et al. (2000) rescued
the oblob phenotype (increased bone mass) by intracerebrovehtricular infusion

(ICV) of leptin at a rate that prevented peripheral leakage. The oblob phenotype
was completely corrected by ICV infusion and suggested that, as in its other
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functions (e.g., appetite suppression), leptin was acting through a hypothaliamic

relay to regulate bone formation.
This hypothesis has been the subject of much debate, as others have
suggested that leptin may work to directly inhibit bone formation by acting on

osteoblasts directly rather than through a central relay (Cornish et al. 2002;
Martin et al. 2005). Support for this hypothesis has come from studies in which

leptin was peripherally injected into wild type animals (Cornish et al. 2002;
Martin et al. 2005). These studies have received much scrutiny, because
injection amounts far exceeded those of normal physiological levels (reviewed

in Karsenty 2006). To further complicate matters, results from peripheral leptin
injection studies were not in agreement with those observed in oblob mice
(Ducy et al. 2000). Karsenty (2006) suggested that the experiments utilizing

peripheral leptin injections (Cornish et al. 2002; Martin et al. 2005) resulted in

leptin resistance due to the supraphysiological nature of amounts administered.

Karsenty and Ferron (2012) question the efficacy of the administered injections

given that there were no observed decreases in fat masses. The contradictory
results of peripheral leptin injections versus ICV infusion additionally led some

experimenters to further propose that leptin acts via two distinct pathways that
are antagonist in action, the first involving the sympathetic nervous system

(resulting in bone loss) and the second a cocaine amphetamine regulated
transcript (CART) mediated pathway (proposed to increase bone mass;

Elefteriou et al. 2005; Ahn et al. 2006). The proposed CART pathway for leptin
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has since been shown to merely act as a regulator of leptin’s sympathetic

actions and thus has been dismissed (Ascinar et al. 2001; Elefteriou et al.
2005; Ahn et al. ,2006).

Several experiments offer further evidence that leptin elicits its effects on

bone formation through central relay, rather than directly on the osteoblasts.

Cultured osteoblasts from dbldb mice (lacking the leptin receptor) do not
produce any additional extracellular matrix compared to their control

counterparts, indicating that the osteoblasts of these mice are in no way
deficient (Ducy et al. 2000). Additionally, transgenic mice engineered to
express leptin specifically in osteoblasts had no observable bone abnormalities

(Takeda et al. 2002). The most convincing argument for leptin’s central mode of

action came from Shi et al. (2008), who demonstrated leptin receptor specific
deletions in osteoblasts did not affect bone growth, but leptin receptor deletion
in neurons resulted in a phenotype identical to oblob mice.
Given that experimental evidence argued overwhelming for leptin’s
central mode of action on skeletal growth, the next step was to determine the

specific mechanisms of the pathway. Takeda et al. (2002) studied leptin

receptor expression in the brain and found that the receptor is maximally
expressed in three distinct nuclei of the hypothalamus: the arcuate (arc),

ventromedial hypothalamic (VMH), and the paraventricular nuclei. Takeda et al.
were able to destroy each nuclei, allowing them to evaluate leptin’s effect

downstream of its initial secretion. Monosodium glutamate (MSG) treatment,
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known to destroy arcuate nuclei, resulted in individuals with increased appetite
with no observed increases in bone mass. This suggested that the arcuate

nuclei play a role in appetite but not in the regulation of bone formation.
However, individuals treated with gold thioglucose (GTG), known to disrupt

VMH nuclei, were observed to be a phenocopy of oblob mice that could not be
rescued by ICV infusion of leptin. This experiment suggested that leptin
regulated bone formation and appetite through two distinct regions in the

hypothalamus. This view held until it was demonstrated that selective
inactivation of leptin receptors in the VMH or the arc neurons in no way affected

bone mass or appetite when mice were fed a normal diet (Balthasar et al. 2004;
Dhillon et al. 2006; Yadav et al. 2009). Thus, the simple view of leptin

hypothalamic signaling ended.
The frustrating and contradictory results of the studies presented

previously were by no means the end of investigations evaluating the
involvement of the brain in leptin regulation of skeletal mass. In fact, as

Karsenty and Ferron (2012) suggest, these studies merely pointed out that

leptin may be signaling in locations other than the hypothalamus to regulate
neurotransmitters that in turn may affect hypothalamic relay.

Serotonin: the Missing Link. Justification for further experimentation of

leptin’s involvement in regulating neurotransmitters in the brain came from
clinical observations in which low bone mass was detected in patients
chronically treated with serotonin reuptake inhibitors (Kaye et al. 1998; Bliziotes
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2010; Warden et al. 2010). This observation hinted that serotonin and leptin

may be linked in the brain (reviewed in Karsenty and Ferron 2012). To test this
hypothesis Yadav et al. (2009) generated mice that specifically lacked the

enzyme tryptophan hydroxylase (Tph2), a rate limiting enzyme in serotonin

synthesis (Walther et al. 2003). Tph2_/ mice were both osteoporotic and
anoretic. Yadav et al. (2009) concluded that serotonin (derived from the brain)

favors accumulation of bone mass and increased appetite. This was the first

time in which a neurotransmitter had been proposed to regulate bone
formation.
Several lines of evidence suggest that axonal connections exist between

serotonin producing neurons, originating in Raphe nuclei, and hypothalamic
neurons (reviewed in Karsenty and Ferron 2012). Experimental evidence
comes from studies that have knocked-out serotonin receptors specific to
hypothalamic neurons, resultant phenotypes of these knock-out mice were
identical to Tph2_/ mice (Yadav et al. 2009, 2011; Oury et al. 2010).

Serotonin was clearly demonstrated to effect bone mass accrual and

body mass, however where and how leptin interacted with serotonin remained
unclear. Revisiting the ob/ob mice, Yadav et al. (2009) discovered that they had

very high levels of serotonin. Aware of the effects of Tph2 knockout, Yadav et
al. removed one Tph2 allele from ob/ob mice. This one deletion in the
tryptophan hydroxylase gene (codes for a rate limiting enzyme in serotonin

synthesis) was enough to fully correct the increased body mass, appetite, and
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bone mass in ob/ob mice even in the absence of leptin. This study proposed
that leptin functions normally to inhibit Tph2 expression and therefore serotonin

release from the brainstem neurons, while brain-derived serotonin functions
normally to increase bone mass as well as appetite (Yadav et al. 2009; Figure
.
8)

Figure 8. Serotonin Signaling in the Brain. Serotonin is produced in
neurons of the raphe nuclei located in the brainstem. These neurons
extend to the arcuate (Arc) and ventromedial (VMH) nuclei of the
hypothalamus where serotonin signaling elicits two distinct responses. In
the Arc nucleus serotonin signals an increase in appetite. In the VMH
nucleus serotonin acts to down regulate sympathetic tone and
subsequently increase bone formation.
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Importantly, serotonin synthesis is not restricted to the brain, rather the

majority of serotonin is synthesized in the gut (Gershon 2007). Because
serotonin does not cross the blood brain barrier, the serotonin synthesized in
the gut versus the brain can effectively act independently (reviewed in Bliziotes

.
2010)
For example, Yadav et al. (2010) have demonstrated that decreasing
peripheral serotonin (gut-derived) by pharmacological intervention results in

increased bone formation. This effect has also been observed in human studies
with osteoporotic patients demonstrating increases in circulating serotonin

concentrations (Modder et al. 2010). The negative effects of gut derived
serotonin are in stark contrast to the positive effects of brain-derived serotonin

on bone mass accrual (Yadav et al. 2009). The distinction is important to make
as the remainder of this paper will refer to leptin’s mediation of brain-derived

serotonin.
Getting Leptin’s Message from the Brain to Bone Cells, ob/ob mice have
low sympathetic tone, a measure of sympathetic nervous system function (Bray

and York 1998). Patients treated with beta-blockers, which decrease
sympathetic nervous system tone, have been shown to have decreased risks of

osteoporosis (Kurvers 1998). These two lines of evidence suggested that the
sympathetic nervous system may be involved in leptin’s regulation of bone
mass. Takeda et al. (2002) provided further evidence for this hypothesis when

re-evaluating the bones of sympathetic nervous system (SNS) deficient mice,
which lack the ability to produce epinephrine or norepinephrine (Thomas and
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Palmiter 1997). SNS deficient mice were found to have increased bone masses
that could not be corrected by leptin infusion. It is interesting to note that the

alteration in sympathetic function had no effect on body mass or fertility
(Thomas and Palmiter 1997). Additionally, restoring sympathetic function in

oblob mice with the drug isoproterenol corrected their high bone mass
phenotype. Conversely, blocking sympathetic function in wild type mice with

propanol increased bone mass and prevented osteoporosis in ovariectomized

mice (Takeda et al. 2002). This body of evidence implied that the sympathetic
nervous system is acting as a mediator of leptin’s regulation of the skeletal

system, but how this signal reached bone cells to elicit a change in bone mass

remained to be determined.
Adrenergic receptors are associated with the sympathetic nervous
system and respond to hormonal/neuronal signal. Of the two bone cell types,

osteoblasts (bone forming cells) express adrenergic receptors, while

osteoclasts (bone cells involved in bone degradation) do not. In fact, osteoblast
cells only express one form of adrenergic receptor, and that is the beta-2-

adrenergic receptor (p2Ar; Rodan and Rodan 1986; Moore et al. 1993; Takeda

et al. 2002). Mice that lack 02Ar receptors were observed to have increased
bone mass that could not be rescued by leptin infusion (Takeda et al. 2002).

p2Ar deficient mice have no observable metabolic abnormalities, indicating that
the increased bone mass observed in leptin deficient mice was not a secondary
result of metabolic disturbances (Elefteriou et al. 2005). The study of
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osteoblast’s adrenergic receptors indicated that the sympathetic nervous
*

system has the ability to communicate directly with bone cells, mediating and
potentiating leptin’s signal that initiates in the brain (reviewed in Karsenty
.
2006)

It has been demonstrated with beta-2-adrenergic deficient mice and with

other models described here that leptin acts via sympathetic tone to decrease
bone formation, but there is a more complex mechanism at work here than

presented thus far. The net increase in bone formation of beta-2-adrenergic
deficient mice results from increased bone formation and decreased bone

resorption. In a wild-type mouse, leptin acts via sympathetic tone to regulate

bone resorption, yet the only known sympathetic regulators found in bone are
on osteoblasts and not osteoclasts.
Teitelbaum and Ross (2003) had previously studied osteoblastic

signaling, so, at the time of Elefteriou et al.'s (2005) study, it had been
established that osteoclast differentiation was regulated by osteoblasts.

Teitelbaum and Ross (2003) discovered that osteoblasts secrete two main
factors of osteoclast differentiation M-CSF and RankL. M-CSF is a survival
factor for osteoclast progenitor cells, while RankL expression in known to

increase osteoclast differentiation. Elefteriou et al. (2005) co-cultured
osteoblastic and osteoclastic precursors, from which he discovered sympathetic

tone was regulating osteoclast differentiation through the regulation of RankL

expression in osteoblasts.
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To summarize briefly what has been stated thus far, in normal/healthy

individuals leptin is proposed to first act in the brainstem by down regulating

Tph2 expression, limiting enzyme of serotonin synthesis. Suppression of

serotonin effects both the arcuate and VMH nuclei, decreasing appetite and
i

bone mass accrual respectively. Bone mass accrual suppression is achieved
through increased sympathetic tone via beta-2-adrenergic receptors on
osteoblasts, ultimately resulting in the up regulation of RankL genes, which
increases osteoclast differentiation and therefore bone resorption (Figure 9).
The sympathetic dependent action of leptin on osteoblastic gene

expression is thought to be, at least in part, regulated by molecular clock
mechanisms. Studies advocating this line of thought will only be discussed
briefly below as they were not parameters evaluated in the thesis project

presented later in this chapter.
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Figure 9. Leptin Signaling Pathway. Leptin is produced and secreted from
adipocytes. It travels in serum making its way to leptin specific receptors
located in serotonin producing neurons of the raphe nuclei. Once bound to its
receptor leptin acts to decrease expression of tryptophan hydroxylase 2 (Tph2)
and therefore serotonin production. In the absence of serotonin appetite is
decreased and sympathetic tone is increased. Leptin acts indirectly to increase
sympathetic tone by down regulating serotonin synthesis, this subsequent
increase in sympathetic tone signals |3-2-adrenergic receptors on osteoblasts
to increase RankL expression. Increases in RankL expression increase
osteoclast differentiation and increase bone resorption.

Molecular Clock Mediation of Osteoblast Activity. Many homeostatic

processes are known to be regulated in a circadian rhythm (Lowrey and

Takahashi 2004; Perreau-Lenz et al. 2004). Bone remodeling is considered a
homeostatic process and as such it too has been postulated to be under the

influence of molecular clock components (reviewed in Karsenty 2006). The first
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evidence for this hypothesis came some time ago, when scientists noted that

the two most prevalent proteins secreted by osteoblasts (type I collagen and
osteocalcin) cycled in bouts of 24 hours (Simmons and Nichols 1966;
Gundberg etal. 1985).

The main components of the molecular clock are located in the

suprachiasmatic nucleus of the hypothalamus with other components of the
clock spread peripherally throughout several tissues (reviewed in Karsenty
2006). Each component has been shown to possess and express genes known

to regulate other clock parts. Period (Per) and Cryptochrome (Cry) are two well
known and well studied core circadian genes. Products of these genes complex
with one another to inhibit components of the main “engine” of the molecular

clock, Bam1 and Clock (Reppert and Weaver 2002; Schibler and Naef 2005).

Utilizing mouse models with mutations in known clock genes (PerfPer2
or CryilCryf), Fu et al. (2005) discovered that molecular clock malformations

resulted in increased bone formation. These circadian rhythm deficient mice

exhibited no signs of abnormal circulating leptin or abnormalities in sympathetic
tone. It was therefore ruled out that molecular clock components were working

upstream to mediate leptin-sympathetic bone formation regulation.
Furthermore, leptin infusion in Per deficient resulted in an observed increase in
bone mass while a decrease was observed in wild type mice. Similar results
were also noted in the osteoblast specific deletion of Per genes. Together these

results suggest that molecular clock components may act as mediators in the

55

leptin-sympathetic regulation of bone mass accrual. Further studies are needed

to elucidate the specific nature of their action and to pinpoint exactly which

components (or if all) are involved in this mediation.
Osteocalcin. Both reproductive hormones and those involved in energy

metabolism have been shown to influence skeletal biology. Logically, hormones
secreted from bone cells should reciprocally alter responses those two systems
as well. Initial support for this hypothesis came from Ducy et al.’s (1996) study
of osteocalcin deficient mice and their observed metabolic abnormalities.

However, focus turned to another model utilizing embryonic stem cell
phosphatase (ESP) deficient mice (reviewed in Confavreux et al. 2009;
Karsenty and Ferron 2012). Until recently, ESP was not known to have a
substrate but is known to be expressed in embryonic stem cells, sertoli cells of

the testis, and osteoblasts (Lee et al. 2007). Lee et al. (2007) created ESP
knock-out models, one in which the knock-out was specific to osteoblasts and

another that involved mass deletion of the gene in all cells. Both models
resulted in identical phenotypes, hypoglycemia and hyperinsulinemia.

Intraperitoneal glucose tolerance tests in ESP knock-out mice revealed
increased insulin secretion and sensitivity. Further analysis of beta-pancreatic

cells revealed that ESP deficient mice have larger and greater quantities of
islets cells, ultimately resulting in greater beta-cell masses in knock-out versus

normal wild type mice. Interestingly, ESP deficient individuals were also found

to remain lean with age, demonstrating normal appetites and increased energy
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expenditures (Lee et al. 2007). Results from this study implied that osteoblasts

may regulate several components of energy metabolism.
Lee and Karsenty (2008) over-expressed ESP in mice. The results were
as predicted, ESP over-expressing mice were insulin lacking and insulin

intolerant. Although these two experiments demonstrated the importance of

osteoblast signaling in regulating metabolic function they did not offer a
mechanism for how this regulation occurred. The pathway through which

osteoblasts elicit there effects to alter insulin production and secretion came
from studies evaluating co-cultures.

ESP codes for a transmembrane tyrosine phosphatase that can only

effect neighboring tissues. Co-culture experiments demonstrated that

osteoblasts secrete osteocalcin which stimulates insulin production and is

mediated by the product of the ESP gene (Lee et al. 2007; reviewed in
Confavreux et al. 2009). Lee et al. (2007) found that osteocalcin deficient mice
exhibited decreased insulin secretion as well as decreased beta-cell mass.

Taken together these results suggested that osteocalcin regulates glucose
homeostasis by increasing beta-cell mass and stimulating insulin secretion in
islets in a manner distinct from and far slower than that observed in the

immediate response to food intake. Additional support came for this hypothesis

when it was found that deletion of one osteocalcin gene was sufficient to
restore the ESP"/_ phenotype. Further demonstrating that ESP inhibits

osteocalcin, and providing additional evidence that bone elicits action on
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energy metabolic organs (Lee et al. 2007). Osteocalcin has also recently been
shown to upregulate the enzymes necessary for testosterone synthesis in

males (Oury et al. 2011).
Before moving onto to further aspects and complexities of bones role as

an endocrine organ it is important to understand that osteocalcin comes in two
forms, and only one of which elicits a response in the pancreas. Osteocalcin is

an osteoblast-specific protein present in mineralized bone matrix. It is found in

the highest quantities in its carboxylated form (carboxylated on three glutamine
residues), but it can also be found in undercarboxylated forms in serum
(Hauschka et al. 1989; Merle and Delmas 1990). The latter is of particular

importance given that the undercarboxylated form of osteocalcin was observed

on beta-pancreatic cells (Ferron et al. 2010).
The Interplay between Insulin and Bone. The ESP deficient mice
described in Lee et al. (2007) represented a gain in function model in which

ESP’s inhibitory effects on the insulin receptor were no longer observed. ESP’s
insulin receptor substrate furthers support for bone’s role in insulin signaling,
but it does not answer the question as to whether or not insulin induces a

response in bone. The answer to this question came from Ferron et al. (2010)
and Fuzele et al. (2010), who independently created mice and primary
osteoblasts that lacked insulin receptors (lnsR0Sb‘A). Insulin receptor deficient

mice were glucose intolerant and insulin insensitive, identical to osteocalcin
deficient mice. Primary osteoblasts deficient in the same receptor were found to
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have decreased proliferation and decreased levels of osteocalcin. Insulin
receptor knock-outs in skeletal muscle and white adipose tissue did not
produce the same response. In fact, mice did not display any aberrations of

normal glucose metabolism (Bruning et al. 1998; Bluher et al. 2002). Results
indicate that not only does bone play an essential role in glucose metabolism
but that insulin signaling in osteoblasts is a regulator of osteocalcin activity.
These results identified the feed-forward loop that exists between bone and

pancreas secreted insulin.
The bone-pancreas-bone pathway explains the two observed forms of
osteocalcin mentioned early in this chapter. Osteocalcin can only act on the

pancreas and its cells in an undercarboxylated form, which is neither native or
abundant in the absence of insulin signaling. Insulin binds to its receptor on the
osteoblast and inhibits expression of the gene osteoprotegrin, which normally

suppresses osteoclast activity. By suppressing osteoprotegrin, insulin signaling
favors bone resorption. Bone resorption occurs at an acidic pH (~4.5), and an

acidic environment is the only known mechanism for decarboxylation (Poser
and Price 1979; Silver et al. 1998; Ferron et al. 2010). Insulin signaling in the

osteoblast represents a feed-forward loop, wherein insulin signaling through its

receptors on osteoblasts favors its own secretion via stimulatory regulation of
osteocalcin (Figure 10).
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Figure TO. Insulin-Bone Feed Forward Loop. Osteocalcin is produced and
secreted from osteoblasts. Undercarboxylated osteocalcin acts to increase |3cell proliferation and cell mass in the pancreas, increasing insulin production.
Insulin binds to its receptors on osteoblasts and inhibits the expression of
osteoprotegrin. Depression of osteoprotegrin allows for increased osteoclast
differentiation resulting in an acidic environment. The acidic environment
favors decarboxylation resulting in activation of osteocalcin and further
stimulation of insulin secretion.

Leptin’s Inhibitory Effect on Insulin Secretion. The insulin loop presented

implies implicitly that it must be regulated. If insulin’s action were left unchecked
all vertebrates would be hypoglycemic (Karsenty and Ferron 2012). Hinoi et al.

(2008) studied juvenile oblob mice, before they experienced morbid obesity or
displayed signs of molecular markers indicative of insulin resistance. Juvenile

leptin deficient mice were significantly hyperinsulinemic and hypoglycemic,
suggesting that the function of leptin normally is to down regulate insulin
secretion. Mice lacking beta-2-adrenergic receptors were hyperinsulinemic and
hypoglycemic, as were mice lacking one leptin gene and one copy of the beta60

2-adrenergic receptor. Lastly, ob/ob mice that lacked the osteocalcin gene
exhibited normal insulin and glucose levels. This evidence implied that leptin is

acting via the sympathetic nervous system to down regulate insulin expression.
Molecular evidence provided by Hinoi et al. (2008) show that increased

sympathetic tone via leptin signaling upregulates ESP expression and its
subsequent inhibitory effects on insulin receptors, and therefore down reg ulates
insulin secretion. This result was verified in ob/ob mice that display increased

levels of active osteocalcin.

Summary of the Leptin-Bone-lnsulin Pathway. Leptin is initially released
from adipocytes into serum where it reaches the brainstem (Figure 11). In the

brainstem, leptin inhibits serotonin production at the Raphe nuclei by inhibiting

expression tryptophan hydroxylase (Tph2), a rate limiting enzyme of serotonin
production. Serotonin functions normally to increase appetite through arcuate

neurons and increases bone mass via ventromedial hypothalamic neurons. In

serotonin's absence, leptin acts via the sympathetic nervous system by
increasing sympathetic tone. Increased sympathetic tone signals beta-2-

adrenergic receptors located on osteoblasts and results in the upregulation of
genes associated with osteoclast differentiation (RankL). Increased osteoclast

differentiation leads to increased bone resorption, a process thought to be
mediated by components of the molecular clock.
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Figure 11. Summary of Leptin Pathway. Leptin is first secreted from adipocytes,
it then acts in the brainstem to block expression of Tph2. Leptin’s inhibition of
serotonin results in decreased appetite and increased sympathetic tone. The
subsequent increase in sympathetic tone sends signals to p-2-adrenergic
receptors on osteoblasts to increase expression of RankL and ESP. Increases
in RankL result in increased osteoclast differentiation and decreased bone
formation. ESP binds to and inhibits insulin receptors on osteoblasts blocking
the insulin-bone feed forward loop, this results in decreased active osteocalcin
as well as decreased insulin production.

Osteoblast-secreted osteocalcin increases insulin production and
secretion in the pancreas. Insulin, in turn, binds to receptors on osteoblasts and

activates osteoclast differentiation. The subsequent increase in bone resorption
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decreases pH and favors decarboxylation, activating osteocalcin. Activation of
osteocalcin starts the whole cycle over again in a feed-forward manner. Leptin

regulates this pathway by acting via the sympathetic nervous system to
increase sympathetic tone, which in turn upregulates ESP expression. The

product of ESP binds to and inhibits the insulin receptor on osteoblasts.
High-Runner Mice as a Leptin Model

In all of the studies presented thus far, knock-out models have been

used to explore the specific function of gene or hormone in the sympathetic
mediated leptin-bone-insulin pathway. These models have been pivotal in
gaining a better understanding of bone’s role in both energy metabolism and

reproduction. However, these models are often not indicative of phenotypes
that occur and nature. Exercise has been demonstrated to alter several skeletal

parameters and may offer a non-invasive way to correct perturbations in
metabolic signaling and warrants further investigation. High-runner selected

mice (see Chapter 1) have been bred for increased levels of activity for over 60
generations and have been shown to have decreased fat masses as well as

decreased levels of leptin (Girard et al. 2007). These mice offer a natural model
in which to evaluate the long term effects of exercise on energy metabolism.
The goal of the project presented here is to further our understanding of
the leptin-bone-insulin pathway and relevant changes that may occur in this

pathway as a result of exercise. To achieve this goal, partially inbred MM (a line
of high-runner selected mice) were used in this study along with inbred C3H
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and C57 mice. CH3 and C57 have been shown to have "high" and "low" bone

mass phenotypes, respectively (Beamer et al. 1996; Wergedal et al. 2005), and
serve as models in which to compare the MM inbred strain. Additionally, these
strains should offer further validation for leptin’s sympathatic mediated control

of bone growth and insulin secretion.
Given what is known about leptin and insulin’s roles in bone

maintenance several hypotheses can be proposed about the physiology of
these inbred strains. C3H mice should exhibit decreased levels of leptin and
increased levels of serum insulin, while C57 should exhibit the exact opposite

phenotype due to its low bone mass. MM mice have not been shown to have
increased bone mass (Chapter 1), but because of their increased levels of
activity do have decreased fat masses and thus decreased levels of leptin (Gee

1999; Girard et al. 2007). Additionally, prolonged exercise in humans has
resulted in significant decreases in circulating leptin even after decreases in

body mass were accounted for (Landt et al. 1997; Pasman et al. 1998;
Reseland et al. 2001). Therefore, MM mice may be observed to have the
lowest levels of leptin independent of mass do to their increased activity levels.

Materials and Methods
Approximately 3 week old male C3H (n = 16) and C57BI/6 (n = 16) mice

were purchased (Harlan Laboratories), 16 additional male mice were drawn
from the high-runner selected mini-muscle inbred strain. The high-runner inbred
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strain used here is subset of mini-muscle high-runner individuals from Dr.
Theodore Garland’s laboratory that has been intentionally inbred for 12

generations. After 12 generations of brother-sister mating, less than 10%

residual heterozygosity is expected, assuming that ~20% of alleles are fixed
per generation (Hamilton, 2009).

Mice were weighed and ear tattooed for identification. Mice were then
randomly assigned to either a non-wheel control group or a wheel group, with

eight mice from each strain allowed or denied wheel access (Table 6). Mice
denied wheel access were placed in groups of four in standard cages according

to strain type. Mice granted wheel access were placed individually in standard
cages with 0.73 m circumference wheels. Food and water were supplied ad

libitum and cages were lightly coated with corn cob bedding.

Table 6. Experimental Design
Strain
Wheel Access
High-runner Mini-Muscle
n=8
C3H (High Bone Mass)
n=4
n=8
C57 (Low Bone Mass)

Sedentary
n=8
n=8
n=7

Prior to the start of the experiment, approximately 50-100 pL of blood
was drawn via retro-orbital bleed from each mouse. Blood was collected in 50
pL capillary tubes and allowed to coagulate for approximately 20 minutes

before being centrifuged for 2 minutes (Micro Hematocrit IEC MB; Damon/IEC
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division). After centrifuging, 20 pL of serum was aliquoted into two centrifuge

tubes for each mouse (10 pL in each tube; A and B samples). Tubes were

labeled and frozen at -80°C until analysis.
After eight weeks, mice were anesthetized, weighed, and injected with
the fluorochrome dye alizarin red (dosage). Analyses of this injection are not

considered in this thesis project, but will allow for future studies of growth
patterns and will further our understanding of skeletal responses to increased

levels of exercise.

Two weeks after the Alizarin injections mice were fasted (*16 hours) and

euthanized via CO2 inhalation (~8 weeks of wheel or no wheel access). Mice
were weighed and final blood samples collected by cardiac puncture (0.1-0.5
mL). Blood was allowed to coagulate and centrifuged for 2 minutes at *1400
RPM. 10pL samples of serum were collected and placed in duplicate in

respective centrifuge tubes for leptin and insulin concentration analyses. Tubes
were labeled stored at -80°C until analysis.

Mouse leptin and insulin ELISA kits (Millipore Cat. # EZML-82K and Cat.

# EZRMI-13K respectively) were used to evaluate serum concentrations in
collected samples. ELISA kits were used according to manufacturer’s protocol

and plates were analyzed with a Biotek Gen5 plate reader. A standard curve
was generated for each plate read using the Biotek Gen5 software. Each curve
was fit using either a 4 or 5 parameter logistic curve. Both parameters were
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tested, but only the parameter that demonstrated a correlation coefficient value
closet to 1 was used for final analyses.

All traits were analyzed by two-way analysis of variance (ANOVA) with
type III sums of squares using R (ver. 2.15; R Core Development Team, 2012).
Pairs of MM mice (wheel vs. no-wheel) had same dam, and C3H and C57 are

fully inbred, leading to a randomized block design, where dam is the "block"
effect. Thus all traits were first analyzed with a model that included dam to

account for possible family effects. In all instances dam was found to be
insignificant and was therefore excluded in final analyses. This result was not

surprising given the fully inbred nature of C3H and C57 strains and the small
amount of residual heterozygosity in MM mice.

Final mass was included as covariate where appropriate (excluded only

in analysis of initial and final masses). Results from ANOVAs allow for
differences between masses, strains, wheel access, and the interaction of

strain and wheel access to be explored for each trait measured (Middleton et al.
2008a). If a significant strain effect at a = 0.05 was found for a given trait, post-

hoc analyses of pairwise means were carried out via general linear hypothesis
tests with comparisons averaged over interaction terms using the R package

multcomp (Bretz et al. 2010). Post-hoc tests allowed me to determine which
strains significantly differed from one another and in what direction (higher or
lower, etc.).
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To control for potentially inflated type I errors due to multiple
comparisons, we carried out a false discovery rate analysis (Benjamini and

Hochberg 1995) on the 31 p-values from this experiment. The method of
Benjamini and Hochberg (1995) is conceptually similar to the pFDR method
described in Chapter 1 but is more suitable for small numbers of tests. Adjusted
p-values are presented in Tables 7 and 8, and these can be evaluated against

a = 0.05 with the expectation that the familywise error rate is controlled at 5%

(see Chapter 1 for discussion of familywise error rates).

Results
At the start of the experiment all three strains significantly differed in

body mass from each other, with C3H mice being the largest and MM mice the
smallest (Tables 7 and 8; Figure 12). After approximately ten weeks of wheel
access, masses still significantly differed between strains, but not in the same

manner observed before exercise. MM mice exhibited the largest masses,

while C57 were observed to have the smallest masses (Tables 7 and 8; Figure
13).
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Table 7. Results (p-values) of Two-Way ANOVA’s with Final Mass as a
Covariate Where Appropriate
N
Trait
Strain
Wheel
Strain x
Final
Wheel
Mass
Wean Mass (g)
48
0.003
0.756
Final Mass-(g)
43
0.003
0.003
0.9547
Glucose (ng/mL)
43
0.003
0731
0.7039
0.765
0.331
0.4968
Insulin (ng/mL)
43
0.212
0.746
21
0.003
0.529
Initial Leptin (ng/mL)
Final Leptin (ng/mL)
43
0.018
0.669
0.707
0.003

Table 8. Results of Post-hoc Multiple Comparisons of Means: Tukey
Contrasts.
Trait
C3H vs. MM
C57 vs. MM C57 vs. C3H
Wean Mass
0.003+
0.003+
0.031Final Mass
0.0670.0030.395Initial Leptin (ng/mL)
0.0030.0050.739+
Final Leptin (ng/mL)
0.644+
0.037+
0.317+
Glucose (mg/dL)
0.067+
0.003+
0.037+
Table 4. 1+ or - indicates the direction of the observed mean difference
(e.g. C3H relative to MM).

Insulin concentrations did not differ significantly between strains (p =
0.331); however, a trend of lowered circulating insulin was observed for mice
granted wheel access (Table 7; Figure 14). Although fasting insulin levels did

not differ significantly between strains, fasting glucose levels were significant
different (p = 0.003). C57 and MM mice were observed to have the highest and

lowest concentrations of glucose respectively (Table 8; Figure 15).
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Leptin concentrations at the start (initial) of the experiment and at the
end of the experiment (final) differed significantly between strains (Table 7).

MM mice demonstrated the largest initial concentrations of leptin that differed
significantly from both C3H (p =0.003) and C57 strains (p = 0.005). C3H mice

had the lowest initial concentrations of Leptin (Table 8; Figure 14). Final leptin
concentrations did not follow the patterns observed in initial leptin
concentrations analyses. MM mice were found to have the lowest final
concentrations of leptin and C57 the largest concentrations (Table 8; Figure
17).

No significant exercise effect was detected for any endocrine trait
measured, although a significant wheel effect was detected for final mass

(Table 7). Activity appeared to vary between strains, with MM mice running
consistently more revolutions per day than either C3H or C57 individuals

(Figure 19).
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Wean Mass (g)

Figure 12. Wean Mass. Wean mass in grams reported for all 48 mice
at the start of the study. Each circle represents an individual, and is
slightly offset to avoid overlapping points.
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Strain

Figure 13. Final Mass. Final mass in grams for all 43 individuals that
remained at the end of the study. Each circle represents an individual
and is askew to prevent overlapping points.
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Insulin Concentration (ng/mL)

iOBiSI

C57

Figure 14. Circulating Insulin Concentrations. Insulin concentrations for
mice granted or denied wheel access for a 10 week period. Circles are
representative of individuals and are offset to avoid overlapping points.
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Figure 15. Log Transformed Glucose Concentrations. Log transformed
glucose concentrations for 43 mice granted or denied wheel access for
10 weeks. Circles represent individuals and are offset to prevent
overlapping points.
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Leptin Concentration Before (ng/mL)

MM

C3H

C57

Strain

Figure 16. Circulating Leptin Concentrations Prior to Wheel or No Wheel
Access. Data collected for circulating leptin concentrations prior to wheel
access or denial. Each circle represents an individual and is askew to
avoid overlapping points.
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MM

C3H

C57

MM

C3H

C57

Strain

Figure 17. Circulating Leptin Concentrations After Wheel or No Wheel
Exposure. Data collected for circulating leptin concentrations after
wheel access or denial for a 10 week period. Each individual is
represented with a circle that is offset to prevent points from
overlapping.
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Figure 18. Total Revolutions per Mouse for 10 Weeks of
Wheel Access. Total revolutions per day for 19 individuals
granted wheel access for 10 weeks. Individuals are
represented by a single line and are grouped by strain.

Discussion
Much attention has been given to leptin deficient mice (ob/ob and dbfdb)
and other mutant mouse models in the discovery of the sympathetic regulated
leptin-bone-insulin loop. However, very little attention has been given non

mutant animal models (Karsenty and Ferron 2012 and references therein).

Inbred strains that differ in bone mineral densities offer a novel avenue in which
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study this pathway and offer the additional benefit of allowing for the possibility

of multiple gene interactions that may be more representative of phenotypes
occurring in nature (Rhodes et al. 2005).

In this study, three inbred strains were analyzed, two known to have high
and low bone masses (C3H and C57; Beamer et al. 1996), as well a highrunner mini-muscle inbred strain,(MM).,By evaluating inbred strains that are

known to differ in skeletal physiology, I can make predictions about their

physiology and analyze results obtained in the context of the sympathetic
mediated leptin-bone insulin pathway presented here. Additionally, by exposing

mice to either wheel or no wheel access for eight weeks I was able to analyze
any possible exercise effects on endocrine parameters studied.

MM are not known to differ in bone mineral density from control mice

(Middleton et al., 2010) but rather were included to establish their physiology in
relation to the other two strains utilized. Predictions about the physiology of
C3H and C57 were easily made and gave a reference point at either end of the

spectrum in which to compare to the MM strain. I am particularly interested in
this strain, because MM mice are a novel model for evaluating exercise effects
on endocrine parameters over multiple generations. Additionally, the
experimental design presented here allows for the simultaneous study of both
genetic (strain effect) and environmental effects (wheel effect) on endocrine

parameters. Past studies evaluating leptin’s regulation of bone formation have
either focused solely on genetics (usually evaluating the effect of mutant gene)
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or environmental effects on leptin concentrations, such as high fat diets or

introduction to exercise regimes (mutant models: Ducy et al. 2000; Takeda et

al. 2002; Elefteriou etal. 2005; diet effects on leptin concentrations: Frederich

et al. 1995; Ahren et al. 1997; Scarpace and Zhang 2008; exercise effects on
leptin: Bradley et al. 2008; Huang et al. 2010). However, most phenotypes are

the result of multiple gene interactions and further complex interactions with

environmental stimuli (Rhodes et al. 2005). Although no exercise effects (wheel

effects) were detected for any endocrine trait measured several significant
differences were observed between strains and will be discussed below.

Leptin Before and After Wheel Access
Leptin has been shown to downregulate serotonin production and

increase sympathetic tone; the resultant increase in sympathetic tone signals to

beta-2-adrenergic receptors on osteoblasts to upregulate expression of RankL.
RankL expression causes an increase in osteoclast differentiation and a

decrease in bone formation (reviewed in Karsenty and Ferron 2012; Figure 11).
Based on this a priori knowledge, I hypothesized that C3H mice (high bone

mineral density) would exhibit decreased levels of leptin. Conversely, C57 mice

(low bone mineral density) were predicted to have increased levels of
circulating leptin. I additionally hypothesized that MM mice would have
decreased levels of leptin due to their decreased body mass and decreased

retroperitoneal fat mass (Garland and Freeman 2005).
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Initial leptin concentrations, before mice were allowed or denied wheel
access, were significantly different between strains. Post-hoc tests revealed

significant differences between MM mice and the other two inbred strains, with

MM mice exhibiting the highest levels of leptin. No significant difference was

detected for initial leptin concentrations between C3H and C57 strains. The lack
•j

of a significant result here is most likely due to decreased sample sizes. Four
C3H mice were lost during the course of the experiment resulting in fewer mice
representing variation in the C3H strain. Nonetheless, the observation of C3H

mice demonstrating a trend of decreased circulating leptin is in line with a priori
hypotheses and offers further validation, in a unique animal model, for leptin’s
sympathetic regulated inhibition of bone formation.

Interestingly, and contrary to predictions, MM mice were observed to
have significantly increased initial leptin concentrations in comparison to both
C3H and C57 mice, even though they demonstrated the smallest masses at

weaning. At first glance these results were surprising as MM mice have not
been reported to have decreased bone mineral densities (Middleton et al.
2010). Additionally, the only other study in which baseline leptin concentrations

have been reported for high-runner selected mice reported significantly lower
levels of leptin in selected versus control mice (Girard et al. 2007). In fact, leptin
levels were reported to be lower than those predicted based on fat mass and
low leptin concentrations correlated with increased activity (Girard et al. 2007).

However, as Morton et al. (2011) demonstrated, leptin may be involved in
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regulating voluntary activity levels and may account for the results observed
here. Morton et al. were able to restore lowered ambulatory and voluntary
activity in oblob mice (fed a normal diet) with leptin replacement therapy. The
increase in activity was observed within 12 hours and was therefore

independent of leptin’s affects on body mass. Results of this study suggest that,
in the absence of leptin, physical activity is limited and may further contribute to

an obese phenotype. Furthering support for leptin’s role in regulating activity

levels, ICV leptin injection in rats also increased ambulatory activity
(Pelleymounter et al. 1995; Ahima et al. 1999). Similarly, Meek et al. (2010)
demonstrated increased wheel running activity in high-runner mice subjected to

intraperitoneal leptin injections. Taken together these studies suggest that

independent of its effects on mass leptin may additionally regulate ambulatory
and voluntary activity in mice with ad libitum access to normal food. If leptin

does indeed increase voluntary activity, selection for increased levels of activity
may have resulted in mice with increased levels of circulating leptin. This
hypothesis requires further study as baseline concentrations of leptin in highrunner mice thus far are not in agreement with this study (Girard et al. 2007).
In addition, high-runner mice are known to have increased levels of food

consumption (Girard et al. 2007), but do remain lean in comparison to controls.
Increases in appetite to maintain energy balance are associated with decreases

in circulating leptin (Swallow et al. 2001). If both decreases and increases in

leptin in different parts of the brain are needed for the observed high-runner
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phenotype, then it is unlikely that selection for activity has been restricted by

leptin (Meek et al. 2010).
No exercise effect was detected for any trait endocrine trait measured
(Table 7), but a trend of decreased circulating leptin was observed in mice
granted wheel access. This result agrees with studies evaluating exercise

effects on leptin production in which short term exercise has resulted in

decreased serum leptin concentrations in both human and animal models
(Eriksson et al. 2008; Yasari et al. 2009; Moran et al. 2011; Plinta et al. 2011).

As was observed with initial leptin concentrations, a trend of increased serum
leptin was observed in C57 mice versus C3H mice after 8 weeks of wheel

access. After wheel access C57, mice differed significantly from the MM strain,
with C57 mice demonstrating increased serum leptin in comparison to MM

individuals. This finding was surprising, given that no wheel affect was detected
for this trait. However, C57 mice have been shown to exhibit greater sensitivity

to exercise and increased loads (Akhter et al. 1998; Kodama et al. 1999, 2000;
Amblard et al. 2003). A significant amount of remodeling was detected in C57
versus C3H mice in the studies listed above, with noted increases in bone

resorption. Although leptin concentrations were not evaluated in these studies,
differences in circulating leptin may at least in part account for the differing
bone parameters observed. Studies evaluating the effects of different forms of
exercise on leptin concentrations in these mice are needed before any

definitive conclusions can be drawn.
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Insulin and Glucose

Fasting serum insulin concentrations were not found to significantly differ
between strains, but a trend of decreased insulin levels in mice granted wheel

access was observed. This result is consistent with those from other studies

evaluating the effects of exercise on obesity parameters. For example, Gauthier
et al. (2003) as well as Bradley et al. (2008) noted that exercise was sufficient
to significantly lower insulin levels in mice. This effect has also been observed
in humans and as such is often prescribed as a treatment for type II diabetes
(Sigal et al. 2004; Barwell et al. 2008; Moran et al. 2011).

Although no significant differences in serum insulin concentrations were

detected between strains significant differences in fasting glucose levels were
observed. Increased insulin levels are associated with decreased levels of

plasma glucose, and decreased insulin levels result in increased circulating
glucose levels. In this study, C57 mice were found to have the highest levels of

serum leptin and blood glucose after wheel access. Leptin is known to down
regulate bone growth and does so via sympathetic mediation (Figure 12).

Decreased bone formation leads to decreased production of osteocalcin and

decreased pancreatic insulin signaling. Given that C57 mice exhibited the

highest levels of serum leptin after wheel access, it logically follows that they

too exhibited the largest concentrations of blood glucose. Perhaps, with larger
sample sizes a significant decrease in insulin may have been detected in these

mice. Studies further evaluating exercise induced alterations to bone and
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endocrine parameters are needed and may offer further avenues of treatment

for metabolic arid bone diseases alike.
Future Directions and Final Thoughts
The results presented here offer further credence to leptin’s role in

regulating skeletal formation as well as pancreatic insulin secretion. Future
studies evaluating serotonin concentrations and sympathetic tone in these

strains are needed to further validate their usefulness as models in bone
energy homeostasis studies. Additionally, the three inbred strains presented
here demonstrated that significant variation exists between inbred strains in

several endocrine traits and stresses the importance of studying multiple

strains. These data are of particular importance when considering possible
treatments for a human population that exhibits an immense amount of

variation.

This study was to the first to evaluate the physiology of the high-runner
mini-muscle inbred strain in relation to two known inbred strains, C3H and C57.
The MM strain is a unique model in which to study bone-endocrine parameters

given that the long term effects of exercise effects on these traits can be
evaluated. Although not studied here or described in detail, high-runner inbred
strains are known to exhibit dysfunctions in dopamine systems (Rhodes et al.

.
2001)
Disruptions of this system are thought to be the mechanisms behind the
increased levels of activity in high-runner mice. High-runner selected mice

exhibit increases in home cage activity, moving more quickly and with more
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intensity than their control counter parts (Rhodes et al. 2001). Their behavior is

thought to mimic individuals with Attention Deficit Disorder (ADHD), as these

individuals have also been found to have disruptions in dopamine systems

resulting in lowered dopamine levels (reviewed in Rhodes et al. 2005).
Specifically, through the use of drugs that block dopamine transport proteins

(ritalin, cocaine, and GBR 12909), it was determined that high-runner mice

display lowered dopamine levels in comparison to control mice (Rhodes and
Garland 2003). However, the mechanism which causes the observed decrease

in dopamine in these mice is still unknown.
Dopamine deficient mice (DafA) are reportedly hyperactive and display

poor bone health (Bliziotes et al. 2000). Additionally, perturbations of dopamine

systems by cocaine have resulted in altered feeding behaviors (Byck and
VanDyke 1977). These results in conjunction with dopamine dysfunction
reported in high-runner mice suggests that dopamine (like serotonin) may too
play a role in energy homeostasis. This association is particularly interesting

given that dopamine is a known regulator of activity and like leptin may directly
or indirectly regulate energy homeostasis. Exercise effects on production of

these neurotransmitters in wild type mice would also be of great interest, given
that exercise may offer a non-invasive method of correcting minor disruptions in

these systems and would have important implications for mental health.

Neurotransmitters have only very recently been explored as regulators of
homeostatic processes, and investigations of their roles in these processes beg
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for further investigation (reviewed in Karsenty and Ferron 2012). This field of

research is incredibly exciting as it may hold the key to cure for several
metabolic syndromes.
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